The aim of this paper is to address how the secondary market affects the strategy of the manufacturer's new product introduction by using the optimization method. To do so, we develop a two-period model in which a monopolistic manufacturer sells its new durable products directly to end consumers in both periods, while an entrant operates a reverse channel selling used products in the secondary market. We assume that the manufacturer launches a higher quality product in the second period for the technological innovation. We find that the secondary market can actually increase the manufacturer's profitability and drives the new product introduction in the second period. We also derive the effect of the durability and the degree of quality improvement on the pricing of supply chain partners.
Introduction
Secondary markets have grown significantly as important transaction channels for durable products, such as used car markets, computer markets, and data storage equipment markets. At the same time, secondary markets that are not directly controlled by the manufacturers of new products have also increased greatly. For instance, in 2005, Computer Business Review [1] has reported that third-party companies have built $100+ million per year businesses in buying used computer equipment, selling it, or leasing it out to someone else.
The rise of secondary markets implies that the primary markets' manufacturers are facing fierce competition from their secondary markets. Because the existence of resale value for used products facilitates some new products' consumers turning to buy used products, it results in the decreasing of the new-product manufacturer's profitability. Therefore, many manufacturers try to eliminate their secondary markets to alleviate this conflict. For instance, Sun Microsystems, one of the leading firms in the IT server business, deliberately attempted to eliminate the secondary market for its machines worldwide through their pricing and licensing schemes [2] . Another example is Apple Company, that offers consumers free engraving for their new products to weaken the secondary market; for example, new apple products can be graved with the customer's name or pictures according to his/her personalized preferences [3] . However, the opposite opinion is the secondary market which actually benefits the manufacturer's profitability, because it provides resale value for the first-generation buyers to unload their old products. Therefore, it is not immediately apparent how a durable good manufacturer should take into account the cannibalizing effect of the secondary market when choosing its optimal pricing and new product introduction strategies.
In this paper, we develop a two-period model in which a monopolistic manufacturer sells its new durable products directly to end consumers in both periods, while an entrant operates a reverse channel selling used products in the secondary market. We assume that, in the second period, the manufacture releases a quality improvement product (i.e., one that is technologically superior to the version introduced 2 Journal of Applied Mathematics in the first period). Our primary objective is to understand the following problems. How does the secondary market affect the manufacturer's profitability and new product introduction in durable goods industry? What is the effect of the durability and the degree of quality improvement on the pricing of supply chain partners?
The rest of this paper is organized as follows. In Section 2, we review the related literature. In Section 3, we describe the model framework and the key elements in our model, and we also derive consumer demand. In Section 4, we provide the optimal equilibrium solutions for channel partners; we also report our main findings in the paper. In Section 5, we conclude the paper and suggest future research opportunities.
Literature Review
Our paper belongs to the larger literature on durable goods pricing and new product introduction. There are two streams of literature relevant to our research.
The first stream of literature deals with durable products in the secondary market domains. Earlier research about secondary markets in the field of economics focuses on the theory of auctions [4, 5] . However, our current paper researching the secondary markets is in the operations management area, with our mainly focus being on the impact of the secondary markets on the strategies of manufacturers in the durable goods industry. Anderson and Ginsburgh [6] study that the monopolist uses the secondary market as an indirect device to achieve a form of second-degree price discrimination. They construct a model with heterogeneous consumer valuations. This heterogeneity allows the monopolist to achieve price discrimination through unused and used products. Subsequently, Dhebar [7] analyzes the case wherein a monopolist supplies a series of durable products of increasing quality to a heterogeneous customer base and shows that intertemporal price discrimination issues in such circumstances could prevent a producer from credibly committing to future prices and qualities. More related literature refers to [8] [9] [10] [11] . However, all of these studies focus on comparing leasing and selling of durable goods, under a variety of settings (e.g., horizontal competition or the presence of complementary goods). Moreover, they assume that the used market generates no profits for channel members or that used products are sold outside the standard channel. In contrast to these studies, in our model, we assume that consumers have heterogeneous valuations for quality so that used product markets play an allocated role, and there is an active secondary market.
Another stream of literature related to this paper deals with new product strategies for durable products. Levinthal and Purohit [12] analyze different ways a monopolist can market a durable good. They find that, if the quality improvement is small, the monopolist would get more profits by stopping the production of the early version, but in the case of a major improvement, the firm would prefer a buy-back policy. Fudenberg and Tirole [13] consider a richer market structure, but with Levinthal and Purohit [12] , they assume that exogenous technological progress drove the introduction of upgrades. Lim and Tang [14] developed a model to analyze the profits associated with a two-product rollover strategy: a single-product rollover and a dual-product rollover. They found the optimal prices of products as well as the time to launch the new product and the time to phase out the old product. Much more literature can be seen in [15] [16] [17] . In contrast to these studies, our model considers the new product introduction strategy of the manufacturer in durable goods with the secondary market.
Model Framework
We focus on a dynamic, two-period model in which a monopolistic manufacturer directly sells its new durable products to the end consumers, while an entrant in the secondary market sells used products (i.e., which were bought back from the first-period customers, cleaned and tested, and resold) to the end consumers (see Figure 1 ). In the first period, the manufacturer sells the first-generation new durable goods to consumers, who have the option of keeping their used products in the second period or selling them to the entrant for the resale value at the end of first period. In the second period, the manufacturer markets the second-generation new products for technological innovation. Therefore, in the first period, only new durable goods are available. In the second period, new or used goods are available simultaneously. We assume that the manufacturer does not engage in selling used products, and we also assume that the entrant generates a reverse cost from bought back used products for profitable resale. We normalize the manufacturer and the entrant's marginal cost of production and selling to zero without further loss of generality. Hereinafter, for convenience, we use pronouns "he" and "she" to refer to the manufacturer and the entrant, respectively.
Like most papers [18] [19] [20] , we assume that all players of the model are rational. Moves of the manufacturer and the entrant follow the Stackelberg game: in the first period, the manufacturer decides the unit price of first-generation new products 1 , and then the entrant buys back used product from the first-period consumers with cost . In the second period, the manufacturer first determines the unit price of Journal of Applied Mathematics 3 second-generation new products 2 , and then the entrant sets the resale price of used products .
Before processing a detailed analysis of this model, we make the following assumptions that build on assumptions commonly used in the durable goods literature (e.g., [8, 9] ). Assumption 1. The product depreciates with use.
In our model, a durable product provides two periods of service. After a consumer purchases a new product in period 1, the product depreciates with use and becomes a used product in period 2. The rate of depreciation of a product depends on its durability, which is parameterized by (0 ≤ ≤ 1). If = 1, the product does not deteriorate and new units are identical to used units. If = 0, then the product has no durability and it deteriorates fully after one period of use.
Assumption 2. Consumers are heterogeneous in willingness to pay.
We assume that consumer types are distributed uniformly in the interval [0, 1], where a consumer of type ] ∈ [0, 1] has a willingness to pay off ] for a new product. In any period, each consumer uses at most one unit (see, [21] ).
Assumption 3. Consumers are strategic.
We assume that consumers take into account the future resale value of the product in making their purchase decisions. This is facilitated in practice by the existence of consulting companies that offer resale value forecasts and it is consistent with the durable goods literature. Our equilibrium characterization is based on rational expectations of consumers about future prices.
Assumption 4. Consumers do not sell their used products directly to each other.
This assumption reflects the current practice in the used products market, such as used PCs and used car markets, where most used equipment, before it can be resold, requires testing and the replacement of wearable parts that the consumers do not have the technical capability to perform (see, [22] ). Thus, we assume that consumers cannot sell their used products directly to each other.
Assumption 5.
In the second period, the manufacturer introduces a new product that is technologically equivalent or superior to the one introduced in the first period.
In our model, we assume that, in the second period, the manufacturer introduces a new product that is technologically equivalent or superior to the one introduced in period 1. For instance, an upgraded version might have a faster central processing unit or a bigger memory. To capture the increased consumer willingness to pay for the new product due to this technology improvement, we assume that a consumer with a willingness to pay ] for the new product in the first period has a willingness to pay ], where ≥ 1, for a new product in the second period. Note that we denote the degree of quality improvement with .
Consumer Demand. In our model, we normalize the mass of the first-period consumers to unity. In the second period, we assume a new group of consumers whose mass is (>0) enters the market. The distribution of their types is also uniformly over [0, 1] . For the sake of generality, we allow to be equal to 1. We can then derive the inverse demand functions from the consumer utility functions.
To maximize utility, a first-period consumer will purchase in the first period if the net utility from buying the good is greater than the utility of not buying the good (which is normalized to zero). Thus, the utility of buying a new good in the first period is 1 = V − 1 + V (A1), where the value V is a consumer place on keeping the good after the first period and 1 is the retail price of the first-generation product.
In the second period, there are three mutually exclusive and exhaustive consumer segments (see Figure 2 ): new consumers, first-period buyers, and first-period nonbuyers. Given the lifetime values of different products, new consumers will buy the new product if they can derive higher net utility than from purchasing the old product on the secondhand market. That is, V − 2 > V − (A2). Similarly, first-period buyers will buy the second-generation new product and sell their old products in the secondary market if V − 2 + > V (A3). Note that is the residual value obtained by the first-period consumers, who sell their used products to the entrant in the secondary market. Finally, some new consumers and first-period nonbuyers will buy the old product from the secondhand market if they can derive positive net utility. That is, V − > 0 (A4). Based on the purchase decisions (A1), (A2), (A3), and (A4), we can determine the critical indices shown in Figure 2 as follows:
, where 2 denotes the quantity of the first-generation buyers who sell their used product and buy a second-generation product in the second period, 2 denotes the quantity of the first-generation nonbuyers who buy a second-generation product in the second period, denotes the quantity of consumers who buy a used product in the second period, and 1 denotes the quantity of consumers who buy a first-generation product in the first period.
Model Development
In this section, we analyze the model of a monopolistic manufacturer directly selling his new durable products to the end consumers in both periods and an entrant selling used products in the secondary market in the second period. In the first period, the manufacturer sells the first-generation new products. In the second period, he sells the second-generation new products to consumers for the technological innovation. We provide a characterization of the equilibrium and focus on the analytical results along the following dimensions. (a) How does the secondary market affect the strategy of the Original consumers New consumers To ensure that we find a subgame perfect Nash equilibrium, we follow the method of backwards induction. We first solve the entrant's optimization problem and assume rational expectations on the part of the consumers. Letting Π denote the entrant's profit, we can formulate the entrant's problem as follows:
where the constraint ≤ 2 ensures that the sales quantity of used products is not greater than the number of units that can be collected from the consumers and , are the price of used products and the buy-back cost of unit used product for the entrant, respectively. Note that the entrant would not participate in the secondary market in the second period, when = 0 (i.e., there is no secondary market existing in the second period). This case is not the aim of our research.
The manufacturer's problem is to maximize the total profit over the two periods with respect to 1 , 2 , taking into account the entrant's best response function and the consumers' two-period strategies. In order to obtain the subgame perfect Nash equilibrium, we follow the method of backwards induction. We first solve the manufacturer's second-period problem and then solve the first-period problem. Let Π 1 and Π 2 denote the manufacturer's first-period and second-period profits, respectively. The manufacturer's second-period optimization problem is
where 2 denotes the price of the second-generation new product in period 2 and the expressions for all quantities take into account the entrant's best response * . The manufacturer's first-period optimization problem is
where the first form is the revenue of the manufacturer in period 1 and the second form is the optimal profit of the manufacturer in period 2. The equilibrium decisions for the channel partners are given in Proposition 6. Note that all the technical analysis for the paper is provided in the Appendix. 
Proposition 6 shows the equilibrium decisions for the channel partners when the secondary market exists. It is worth noting that the strategy of the manufacturer launching an innovative new product in the second period relates to the durability of first-generation used products and buy-back cost of used products for the entrant. Moreover, the price of the first-generation and second-generation new products and first-generation used product all increases in the reverse cost of the entrant.
Proposition 7. The price of the first-generation new and used products increases in the durability of products , while the price of the second-generation new products decreases in the durability of products .
The higher durability, , means the higher quality of the first-generation new products, in turn, which facilitates the manufacturer charges a higher price for the first-generation new products. On the other hand, as the durability of the firstgeneration new product increases, it becomes more expensive for the entrant to obtain the used products and, in turn, the market of the first-generation used products becomes less viable and its size decreases. Hence, this will improve the resale price of used products for the entrant. In addition, because of the imperfect substitutability of new and used products, the supply of the first-generation product on the secondhand market competes with the second-generation product. Moreover, as the durability of the first-generation new product increases, the competitiveness of the firstgeneration used products and the second-generation new products is stronger. Hence, the manufacturer is forced to charge a lower price of the second-generation new product to customers. For the intuition underlying this proposition, we also give Figure 3 (i.e., = 1.2, = 0.05), which displays the changing trends of the price of the first-generation and second-generation new products and first-generation used products.
Proposition 8. The price of the first-generation and secondgeneration new products and the first-generation used products all increases in the degree of quality improvement .
The intuition behind this result is as follows. When the secondary market exists, more first-generation buyers prefer to buy a second-generation new product in the second period, because they get a residual value to inspire them to buy a second-generation new product by selling their used product to the secondary market. Hence, the existence of the secondary market stimulates more first-generation buyers to replace their used product with a second-generation new product. In other words, the manufacturer has a higher opportunity to charge a higher price. On the other hand, in order to encourage more first-generation buyers to buy a second-generation new product in the second period, the manufacturer prefers an active secondary market for the firstperiod buyers to unload their old products. Therefore, to achieve this result, the manufacturer will increase its price of the first-generation new product, because improving the price of the first-generation new product results in two effects on the secondary market. First, on the demand side, a higher first-generation price will increase the future demand for the first-generation product in the secondary market because more first-period customers will wait till the second period to buy the old product on the secondary market. Second, on the supply side, the supply of the first-generation product on the secondary market will be reduced. The reason is that the first-period price is higher. Hence, fewer units are sold in the first period. These effects reinforce each other and lead to a higher price in the secondary market. In addition, we illustrate the changing trends of the price of the firstgeneration and second-generation new products and the first-generation used products through a broad numerical study. Table 1 (i.e., = 0.6, = 0.05) summarizes the price of different products with the degree of quality improvement between 1.1 and 1.9.
Proposition 9. When there is a secondary market, the profit of the manufacturer is increasing in the degree of quality improvement. That is, the existence of the secondary market drives the manufacturer to launch a quality improvement new product in the second period.
To understand this result, one needs to recognize how the secondary market affects the manufacturer's profitability. On the one hand, because the secondary market offers a resale value to the first-generation buyers, more of them buy a second-generation new product in the second period. This facilitates for the manufacturer charging a higher price for his second-generation new product. On the other hand, if the secondary market exists, the first-generation product competes with the manufacturer's second-generation new product in the second period. This cannibalization effect puts downward pressure on the manufacturer's profitability. Therefore, the net effect of the secondary market on the manufacturer's profitability depends on which of the two opposing forces is stronger. As the degree of quality improvement of the second-generation new product increases, the positive effect of the secondary market on the first-generation buyers dominates its cannibalization effect on the second-generation new products. Hence, the existence of the secondary market actually increases the manufacturer's profitability and drives the manufacturer to launch an innovative new product in the second period.
Conclusion
In this paper, we consider a dynamic, two-period model in which a monopolistic manufacturer directly sells new durable products to the end consumers, and an entrant sells used products to them. In the first period, the manufacturer sells the first-generation new products to consumers. In the second period, he sells the second-generation new products to consumers for technological innovation. We assume that the manufacturer does not engage in selling used products in the second period. We examine how the secondary market affects the strategy of the manufacturer's new product introduction in durable goods industry. The significant difference with the previous research is that we consider the endogeneity of the consumer's decision and its impact on the demand of consumers, which, we believe, is a novel addition to the literature. In this context, our study brings to light a number of important implications of secondary markets on the new introduction for the durable products. One of the important conclusions is the existence of the secondary market deriving the new product introduction in durable goods industry. Our model setting assumed a renewable set of consumers. An extension of our model would be set as a nonrenewable market, which is a typical assumption in the durable product literature. Another assumption in our model is that the manufacturer does not engage in selling used products in the secondary market. We can consider the manufacturer selling new and used products, simultaneously. We hope that this work will spur a stream of research regarding the important and ever-increasing role that secondary markets play in the durable goods industry, which will serve to provide guidance to marketing managers.
Appendix
The entrant's optimization problem is (B-1) , where all segment sizes have the functional form defined in the paper. Substituting these segment sizes into (B-1), we find that 2 Π ( )/ 2 < 0. Therefore, the profit function is concave in . The Lagrangian for the entrant's problem is ( ,
)/( − ) + 2( / )) and the KKT conditions for optimality are
We consider two subcases according to whether the Lagrangian multiplier 1 is greater than or equals zero or not.
Case E-a ( 1 = 0). Simultaneously solving for the above equations, we have that
Meanwhile, the constraint 0 < ≤ 2 leads to 0 < 2 ≤ (2(1 + )( − + ) − ( − ) 1 )/3(1 + ). Thus, when 0 < We now consider the price of new products in the second period under Case E-a. Replacing the values * = [( − ) 1 + (1 + ) 2 ]/2(1 + )(2 − ) and constraint in Case E-a, we obtain the manufacturer's second-period problem as
where all segment sizes have the functional form defined in the paper. Substituting these segment sizes into the manufacturer's second-period problem (A.1a), we find that 2 Π 2 ( 2 )/ 2 2 < 0. Therefore, the profit function is concave in 2 .
The Lagrangian for the manufacture's second-period problem is
and the Kuhn-Tucker conditions for optimality are
We consider two subcases according to whether the Lagrangian multiplier 2 is greater than or equals zero or not.
Case M 2 -a-1 ( 2 = 0). Simultaneously solving for the above equations, we have that Case M 2 -a-2 ( 2 > 0). The Kuhn-Tucker conditions for optimality are
(A.5)
Solving the system, we have that
Moreover, Lagrangian multiplier 2 > 0 leads to and constraint in Case E-b, we obtain that the manufacturer's second-period problem is
where all segment sizes have the functional form defined in the paper. Note that we denote this case in Case M 2 -b. Substituting these segment sizes into the manufacturer's second-period problem (A.1b), we find that 2 Π 2 ( 2 )/ 
where all segment sizes have the functional form defined in the paper. Substituting these segment sizes into the manufacturer's first-period problem (A.2a), we find that
Therefore, the profit function is concave in 1 .
The Lagrangian for the manufacture's first-period problem is
) .
(A.9)
The Kuhn-Tucker conditions for optimality are
.
(A.10)
We consider two subcases according to whether the Lagrangian multiplier 3 is greater than or equals zero or not. 
,
(A.12)
Using MATLAB 7.0, for a parameter combination, that is, = 1.2, = 0.7, = 0.005, we get 3 = −2.3628 < 0. Therefore, this case will never occur in equilibrium.
Similarly, we consider the price of new products in the first period under Case M 2 -a-2. Replacing the values where all segment sizes have the functional form defined in the paper. Substituting these segment sizes into the manufacturer's first-period problem (A.2b), we find that 2 Π 1 ( 1 )/ 2 1 < 0. Therefore, the profit function is concave in 1 . Solving the first order derivative of (A.2b), we have that * 1 = (4(1+ )+ − )/6. It can be shown that * 1 does not such that the constraint of (A.2b). Therefore, this case will never occur in equilibrium.
Similarly, we consider the price of new products in the first period Case where all segment sizes have the functional form defined in the paper. Substituting these segment sizes into the manufacturer's first-period problem (A.2c), we find that 2 Π 1 ( 1 )/ 2 1 < 0. Therefore, the profit function is concave in 1 . Solving the first order derivative of (A.2c), we have that * 1 = 2( − )(2 + + )/(1 + 8 − 7 ). It can be shown that * 1 does not such that the constraint of (A.2c). Therefore, this case will never occur in equilibrium.
Based on the above analysis, we obtain that the optimal price of new products in period 1 is * 1 = 2(1 + ) ( 
